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Using polarized optical and magneto-optical spectroscopy, we have demonstrated universal aspects
of electrodynamics associated with Dirac nodal-lines. We investigated anisotropic electrodynamics
of NbAs2 where the spin-orbit interaction triggers energy gaps along the nodal-lines, which manifest
as sharp steps in the optical conductivity spectra. We show experimentally and theoretically that
shifted 2D Dirac nodal-lines feature linear scaling σ1(ω) ∼ ω, similar to 3D nodal-points. Massive
Dirac nature of the nodal-lines are confirmed by magneto-optical data, which may also be indicative
of theoretically predicted surface states. Optical data also offer a natural explanation for the giant
magneto-resistance in NbAs2.
Nodal-line semimetals (NLSM) are newly discovered
quantum materials with linear bands and symmetry
protected band degeneracies. Compared to three-
dimensional (3D) Dirac/Weyl semimetals, the band-
touchings in NLSMs are not constrained to discrete
points but extend along lines in the Brillouin zone (BZ)
[1–4]. NLSMs can be considered as precursors to many
other topological phases [3], including Weyl semimetals
[5, 6]. Despite intense interests [7–10] and numerous ma-
terial predictions [3, 4], the experimental identification
of NLSMs has been rare [11, 12], limited by the surface-
sensitive nature of available probes. On the other hand,
nontrivial topologies in quantum materials are often re-
vealed via nontrivial response functions [4]. Bulk probes
[13–15] and characteristic response functions [16–18] are
therefore the key to identify NLSMs and investigate the
complex bulk nodal-lines.
Power law behavior of the real part of the optical con-
ductivity (σ(ω) = σ1(ω) + iσ2(ω)) over extended fre-
quency, i.e., σ1(ω) ∼ ωd−2 [19–21], is a hallmark of
Dirac-like nodal-points in solids. Linear (σ1(ω)∼ω) and
constant optical conductivity has been confirmed in 3D
(e.g., pyrochlore iridates [22], Dirac semimetal Cd3As2
[23], ZrTe5 [24]) and 2D (e.g., graphene [25]), respec-
tively. Here we show experimentally and theoretically
that energy-shifted 2D Dirac nodal-lines can also give
rise to linear optical conductivity. Similar to other Dirac
materials [23, 25], the power law of σ1(ω) breaks down
below the gap energy. We refer to these gapped nodal-
lines simply as nodal-lines and the node is understood
as the Dirac point of the massive Dirac band [15, 26].
A particularly interesting effect pertains to gapping of
the nodal-lines as the result of spin-orbit coupling (SOC)
[2, 4, 15]: a phenomenon we are set to investigate in
NbAs2 single crystals. The magnitude of the gap is lin-
early proportional to the strength of SOC, which follows
the order Nb<Ta and P<As<Sb in transition metal dip-
nictides [27].
We explore the electrodynamics of shifted or dispersive
nodal lines using NbAs2 as a case study. Importantly, the
observed steps and linear power law in the optical con-
ductivity reflect the gaps and the energy-dispersions of
the nodal-lines. Furthermore, the Dirac linear dispersion
perpendicular to the lines is established by
√
B-spaced
Landau-levels (LLs) in magneto-optics, previously ob-
served only for nodal-points [28–30]. The nodal-lines dis-
covered through unusual response functions here also nat-
urally explain the exotic magnetoresistance (MR) prop-
erties of NbAs2 [31–33].
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FIG. 1. (a) Energy versus momentum dispersion for a energy-
shifted nodal-line. Purple and red color indicate the Fermi
energy plane and filled bands, respectively. The orange line
is the nodal-line projected in momentum space. (b) ab-inito
calculations of the nodal-lines (orange) in momentum space
for NbAs2. Red symbols are the high symmetry points in the
Brillouin zone near the nodal-lines.
Fig. 1(a) shows a schematic of the shifted nodal-line
in energy-momentum space where the Fermi energy (EF )
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FIG. 2. (a) Anisotropic reflectance on the NbAs2 (001) surface. Top inset is the primitive BZ, and the orange lines are
calculated nodal-lines (without SOC). Bottom inset is a schematic of one unit cell of NbAs2. (b) Optical conductivity from
experiment (left) and DFT calculations (right). Blue shaded regions highlight the low-energy part where the response is
dominated by the massive Dirac bands. Green arrows indicate step positions in σ1(ω). In all panels, solid and dashed lines
indicate crystallographic b-axis and a-axis response, respectively.
plane passes through the line. The projected nodal-line in
momentum space is also shown at the bottom. Realistic
NLSM materials often have complicated nodal-line struc-
ture in momentum space. Fig. 1(b) is the ab-inito calcu-
lations of the nodal-lines (orange) in NbAs2 using density
functional theory (DFT). Contrary to most nodal-line
models (nodal-rings [16–18]), the nodal-lines in NbAs2
are open-ended and extends indefinitely through multiple
BZs. The directionality of the open nodal-lines implies
huge optical anisotropy since the σ1(ω) is predicted to
vanish along the nodal-line direction [16–18].
The polarized reflectance spectra of the NbAs2 (001)
surface at 10 K is shown in Fig. 2(a). The a-axis
reflectance (Ra) shows a pronounced plasma minimum
(∼125 meV) near the screened plasma frequency. For the
b-axis reflectance (Rb), the plasma edge appears broad-
ened and a sharp dip develops around 110 meV. While
the far-infrared reflectance for both polarizations show
similar metallic behavior below 50 meV (R∼ 1), the mid-
infrared response is highly anisotropic.
In Fig. 2(b), left panel, we display the 10 K opti-
cal conductivity for both polarizations of light. The
Drude conductivity in both σa1 and σ
b
1 feature at least two
free-carrier components, consistent with multiple Fermi
pockets revealed by quantum oscillation measurements
in NbAs2 [31–33]. The most striking feature is the sharp
double-step in σb1 (green arrows), followed by σ1(ω)∼ω
relation over an extended frequency range. Weaker step
structure and linear conductivity are also evident in σa1 .
Interestingly, the double-step structure and linear con-
ductivity above it resemble the predicted σ1(ω) for an
inversion-symmetry breaking Weyl semimetal [21] (e.g.,
NbAs). The lack of inversion symmetry breaks the de-
generacy of the two Weyl cones and causes them to shift
in energy [21]. The Pauli exclusion principle dictates that
an optical transition will be forbidden if the final states
are filled (Pauli-blocking). In the energy-shifted cones,
Pauli-blocking happens at different energies, hence the
predicted double-step appear. Although no Weyl points
exist in NbAs2, the nodal-lines give rise to linearly grow-
ing σ1(ω) above the gaps, which we will focus on next.
Optical conductivities calculated using DFT are shown
in Fig. 2(b), right panel. The DFT calculation captures
the gross features of the data, including the steps, the
linear dependence and the slope change at Emax ∼0.3
eV in both σa1 and σ
b
1. The anisotropy between σ
a
1 and
σb1 is also evident from the calculations. While the over-
all agreement is good, certain intriguing features are not
readily understood in the DFT calculation. Importantly,
while the linear slope extrapolates close to 0 at zero en-
ergy for σa1 , both the experiment and the calculations
show a large, non-zero intercept for σb1. This large inter-
cept at zero energy is inconsistent with the optical con-
ductivity model for 3D Dirac/Weyl fermions mentioned
before. Instead, we show that the linear conductivity and
the intercept result from the nodal-line in NbAs2. SOC
triggers energy gaps along the nodal-line (Fig. 3(e)) and
the gap size changes from ∼ 100 meV (2∆2) near the
high symmetry line X1-Y to ∼ 80 meV (2∆1) near I1-Z.
Both X1-Y and I1-Z are parallel to the kb direction (see
Figs. 3, S2). We demonstrate below that while a flat
nodal-line (near X1-Y) gives rise to constant σ1(ω), the
shifted nodal-line near I1-Z leads to linear conductivity
in NbAs2. The combination of dispersive and flat nodal-
lines causes the observed linear optical conductivity with
a finite intercept.
A shifted nodal-line is described by the band dispersion
ε± = ±
√
∆2 + v21k
2
1 + v
2
2k
2
2 + v‖k‖ (1)
where k‖ is the momentum along the nodal line while
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FIG. 3. (a) Optical conductivity for E || b. Blue dotted lines
are fitted σb1 curve with nodal-line structure parameters. Grey
dashed and solid lines denote contributions from the nodal-
lines near I1-Z (panel (c)) and X1-Y (panel (d)), respectively.
The linear increase saturates at Emax ∼0.3 eV. The inset
shows the ratio σb1/σ
a
1 above the gap region. Panel (b) dis-
plays the band structure calculation along high symmetry
points near the nodal-line regions and its 3D version is shown
in (c) and (d). Green arrows illustrate onsets of interband
transitions for dispersive (c) and energy-flat (d) part of the
nodal-line. (e) Calculated nodal-line energy vs. line length k0.
Dirac-cone schematics indicate different fillings of the Dirac
bands along the line. Grey dotted line is the Fermi energy.
Vertical arrows show different onsets of interband transition
and horizontal arrow is the effective line length. (f) corre-
sponding optical conductivity for the dispersive region in (e).
k1 and k2 are those perpendicular to it. As shown in
Fig. 1(a), there is an overall energy-shift along the nodal
line quantified by the ‘shifting’ velocity v‖. Perpendicu-
lar to the nodal line, the dispersion is Dirac-like with the
asymptotic velocities v1 and v2. Spin-orbit coupling in-
duces a finite mass ∆. For a general (massive) nodal-line,
we have derived the corresponding real optical conductiv-
ity as follows (Supplementary Information (SI) Sec. II):
σiNL(ω) =
N
16
e2
h
k0(ω)
v2i
v1v2
(
1 +
4∆2
ω2
)
Θ(ω− 2∆op) (2)
where vi is the asymptotic velocity along the electric field
direction. Note that along the nodal-line direction v3=0
and the corresponding σNL vanishes. N is the degener-
acy of nodal-lines, e is electric charge, h is Planck’s con-
stant, k0(ω) is the effective nodal-line length in k-space
where optical transition actually takes place, Θ is a step
function and 2∆op is the optical gap (2∆ + 2EF ). If the
nodal-line length is independent of energy (k0(ω)=k0),
the simple flat optical conductivity σNL(ω) ∼ e2h k0 oc-
curs above the gap. However, once energy-dependent
nodal-line length is considered, the optical conductivity
attains the same frequency dependence as k0(ω). There-
fore, σNL(ω) provides direct access to the complex ge-
ometry of a nodal-line in k-space via its length k0(ω).
For linearly shifted nodal line as described by Eq. 1,
k0(ω)=ω/v‖ and the interband optical conductivity be-
comes σ1(ω)∼ω.
In Fig. 3(a), σb1(ω) data at three different tempera-
tures are shown, highlighting the broadening of steps at
higher temperatures. The blue dotted line is the fitted
total σb1 (10 K), showing excellent agreement with exper-
iment. Grey dashed and solid lines are the fitted inter-
band contributions using Eq. 2. The fitting parameters
are listed in Table S1. The same parameters produce
fitted σa1 curve that are in excellent agreement with ex-
periment as well (see Fig. S3). In Figs. 3(b)-(d), we plot
the calculated band structure near I1-Z and near X1-Y
for momentum directions kline and kb (kline ⊥ kb). The
grey planes indicate constant Fermi energy (EF ). The
side walls of Fig. 3(d) show the projected band struc-
ture along each direction, highlighting the anisotropy in
asymptotic velocities of nodal-lines. The nodal-lines in
3(c) and 3(d) belong to the same nodal-line, but feature
near-linearly dispersing (near I1-Z) and flat (near X1-Y)
regions with respect to line length k0 (Fig. 3(e)).
An intuitive picture for the linear law of the optical
conductivity from extended Pauli-blocking is presented
in Figs. 3(e) and 3(f). Orange and blue dotted line in
Fig. 3(e) indicate the calculated gap energies at different
line lengths k0 (from I1-Z to X1-Y). Schematics of Dirac
cones are overlaid on the calculation to illustrate the fill-
ing level change along the line. Green vertical arrows
indicate the onset of interband transition as a result of
Pauli-blocking. With increasing photon energy (ω2>ω1),
longer length of the nodal-line (k0(ω2)>k0(ω1)) are acti-
vated as Pauli-blocking is extended to larger phase space.
The resulting σ1(ω) grows linearly until the entire disper-
sive nodal-line (kmax) is activated (Emax∼kmaxv‖). For
a gapless nodal-line the linear power law of σ1(ω) extrap-
olates to zero (Fig. 3(f)). This simple picture captures
all the features in σ1 for the dispersive nodal-line (I1-Z).
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FIG. 4. (a) Magneto-reflectance spectra normalized by zero-field reflectance, showing a series of LL transitions moving with B
and a weakly dispersing mode at ∼85 meV. (b) Derivative contour (dR/dB) for E || b. Dispersive peak energies extracted from
panel (a) are overlaid on top of the contour as green dots. Grey dashed lines indicate the dispersive in-gap states. (c) dR/dB
for E || a and peak energies extracted from A. Green dashed lines in (b) and (c) are fits using Eq. 4 with the same parameters.
Inset of C shows gapped Dirac bands and the LL dispersion with magnetic field B. Arrows indicate allowed interband LL
transitions across the gap.
While the step in σ1 is pinned to 2∆1 for the disper-
sive nodal-line crossing EF (Fig. 3(c)), the step associ-
ated with the energy-flat nodal-line occurs at 2∆2+2EF2
(Fig. 3(d)). The constant optical conductivity caus-
ing the finite intercept for σb1 is absent in σ
a
1 since the
nodal-line is nearly parallel to a-axis (SI Sec. II.C).
According to Eq. 2, the anisotropy of the conductiv-
ity should also be frequency-independent above the gap
energy (σb1/σ
a
1 ∼ v2b/v2a), in agreement with experiment
(inset of Fig. 3(a)). The anisotropic optical conduc-
tivities therefore demonstrate not only the existence of
both flat and dispersive nodal-lines in NbAs2, but also
the suppression of conductivity along the nodal-line. We
emphasize that the large optical anisotropy is directly as-
sociated with open-ended nodal-lines in NbAs2 and the
flat spectral response ((Fig. 3(a) inset) is distinct from
other anisotropic systems [34, 35].
Having established the zero-field signatures of nodal-
line fermions, we proceed to explore the properties of
these anisotropic Dirac quasiparticles through magneto-
optics. The electromagnetic signature of massive Dirac
systems is the
√
B-spaced LLs dispersing from the gap
energy 2∆ [24, 29], in contrast to ∼ B-spaced LLs for
parabolic bands [29]. The Dirac dispersion perpendic-
ular to the nodal-lines can therefore be identified from
magneto-optics. Unpolarized light (Fig. 4(a)) was used
for magneto-reflectance measurement up to 17.5 T. A se-
ries of peaks (labeled 0 to 3) harden with increasing B
field and a weakly-dispersing feature shows up at lower
energy (∼85 meV). Both series of peaks start dispers-
ing at finite energies, in sharp contrast to massless Dirac
fermions [36, 37].
Noticing the remarkable agreement of the step ener-
gies (Fig. 3(a)) and low-field peak energies (Fig. 4),
we attribute the peaks in R(B)/R(0 T) to the interband
LL transitions across the gapped Dirac bands. In Fig.
4(b), we plot the derivative contour dR/dB, which em-
phasizes the peaks in R(B)/R(0 T) as zero derivative
(white) region bounded by positive (red) and negative
(blue) derivative. The derivative plot is extremely sen-
sitive to weak features in R(B)/R(0 T) and has been
successfully used to investigate the subtle but important
features in TI surface states [38].
We obtained dR/dB contours for both E || b and E || a
polarizations and they show very similar features associ-
ated with peaks above the gap 2∆2. The features related
to the smaller gap 2∆1 are only present for E || b, while
completely suppressed for E || a. Interestingly, while σa1
is smaller than σb1 (Fig. 2(b)), the amplitude of the
R(B)/R(0 T) is larger for E || a than for E || b (Fig. S7).
Furthermore, the dR/dB plot for E || b polarization (Fig.
4(b)) shows prominent dispersing features (grey dashed
lines) starting ∼95 meV, in between the two gap ener-
gies (2∆1 and 2∆2). This finite intercept at B → 0 T
is anomalous and the exact nature of these resonances
is a subject of future studies. An intriguing possibil-
ity pertains to the predicted topological surface states
[27, 39, 40], suggesting clear surface states for E || b but
not for E || a (Fig. S8).
Besides uncovering weak dispersing features, the
derivative plot dR/dB directly visualizes the
√
B dis-
persion of LL transitions in NbAs2. For massive Dirac
5nodal-lines, we have derived the following LL spectrum
with perpendicular magnetic field B (see SI Sec. III.):
E±n = ±
√
2e~|n|Bv1v2cos(φ) + ∆2 (3)
where n is the LL index and φ is the angle between
local nodal-line direction and magnetic field. ∆ is
the half-gap that characterizes the mass of the Dirac
fermions mDx,y,z = ∆/v
2
x,y,z and the ± selects the con-
duction/valence band LLs. The dipole selection rules for
interband LL transitions are δ|n| = |n|′ -|n| = ±1. The
transition energy is therefore:
ET =
√
2e~|n|Bv2 + ∆2 +
√
2e~(|n|+ 1)Bv2 + ∆2 (4)
where the effective velocity v =
√
v1v2cos(φ).
In Figs. 4(b),(c), green dashed lines are fitted inter-
band LL transitions using Eq. 4 with v=2.53 eV·A˚ and
gap 2∆2 = 114 meV. The fitted effective velocity are very
close to the theoretical calculation (2.3 eV·A˚) using the
same asymptotic velocities v1, v2 for calculating σ1(ω) (SI
Sec. II.C). Green dots are peak energies extracted from
Fig. 4(a), showing excellent agreement for
√
B-spaced
interband LL transition across 2∆2 in both unpolarized
and polarized data. The non-linearly spaced LLs can
also be easily identified at fixed B as higher order LLs
become closer in energy, in stark contrast to parabolic
bands. The Dirac mass mDab = ∆2/vavb = 0.068me is ∼4
times smaller compared to the trivial carriers (0.24-0.29
me) [31, 32]. This much smaller mass implies that the
high mobility carriers in NbAs2 could come from Dirac
fermions in the nodal-lines.
The extracted gap energy (2∆2 ∼114 meV) from fit-
ting the LL dispersion is very close to the step energy
in the zero-field data (2∆2+2EF2∼120 meV), indicating
that the gapped cones are only weakly doped (EF < 5
meV). This low doping-level in the massive nodal-lines
(near X1-Y) gives rise to a huge magneto-infrared re-
sponse (Fig. S7) since it can be easily driven into the
extreme quantum limit (only 0th LL occupied). In con-
trast, the heavy trivial bands with large carrier density
remain in the classical region at the highest measured
field (17.5 T) [31, 32].
We now discuss the implication of massive Dirac nodal-
lines for the unusual magneto-transport properties of
NbAs2. Gigantic MR (> 10
5 %) in nonmagnetic NbAs2
has been observed [31–33, 41] and explained as a coop-
eration of perfect electron-hole compensation and high-
mobility carriers, leading to a ∼B2 increase. However,
high-field MR measurements clearly deviate from the
B2 dependence starting at ∼10 T and linearly increase
with B without saturation [32]. Such large (> 105 %),
non-saturating and crossover from (nearly) quadratic-
to linear-increasing behavior calls for interpretations be-
yond electron-hole compensation. We believe the lightly-
doped Dirac nodal-lines established here are crucial to
understand the unusual MR in NbAs2.
The quantum linear MR [42] reads ρxx = NiB/pin
2e,
where Ni is the scattering center concentration and n
is the carrier density. Both the minority massive Dirac
fermions in the quantum limit and the majority carri-
ers in the classical two-band model can give rise to large
MR. However, a slight deviation from perfect electron-
hole compensation, which exists in NbAs2, will cause the
∼ B2 increasing MR to saturate at a field-independent
value [43], contrary to experiment [32]. The existence of
massive Dirac fermions naturally explains the discrepan-
cies: when the classical MR saturates at an intermediate
field, the quantum linear MR from Dirac fermions dom-
inates and hence the dependence changes.
In summary, we discover Dirac nodal-lines in NbAs2
and establish theoretically the novel response functions
for general dispersive nodal-lines. Our observation not
only sheds light on the interpretation of the exotic MR in
this family of materials, but also paves the way for iden-
tifying new NLSMs using optical/magneto-optical spec-
troscopy. NbAs2 therefore constitutes a concrete plat-
form to realize various predictions for massive nodal-line
fermions, including large spin Hall effect [44] and Floquet
Weyl points [45–47].
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